Carrier tunnelling through GaAs barriers of different thicknesses is investigated in vertically InGaAs/GaAs quantum rings (QR's). Shorter PL decay time of the ground state emission of high-energy component in the sample with thicker spacer (1.5 nm) is ascribed to both tunnelling effect between the two QR families and vertical coupling between layers in the stacks. We found that tunnelling time between QR's followed the Wentzel-Kramers-Brillouin (WKB) approximation. The non resonant tunnelling rate between QR's is found to be different by one order of magnitude from the rate in quantum dots (QD's).
Introduction
Tunneling of carriers in semiconductor heterostructures has been intensively investigated because of its basic quantum mechanical aspect [1] [2] [3] and the importance for both physics and applied physic. In particular, time-resolved optical techniques revealed the dynamics of tunneling in double barriers [4] , in asymmetric double quantum as well (ASDQW) [5] and in QD structures [2, 3] .
The tunnelling time between QD's is known to follow the Wentzel-Kramers-Brillouin (WKB) approximation [2, 3] and is governed by longitudinal optical (LO) phonon-assisted tunneling under non resonant tunneling conditions [6] .
In QD, the estimation of PL decay time down to 20 ps has been attributed to carrier transfer between different layers of QD stacks separated by GaAs spacer layer, from the smaller QDs in the seed layer to the larger QD's in the second layer [3] .
In InAlAs QD's, in the case of non resonant excitation the tunneling time is found to be one order of magnitude larger than that found in InAs QD's. In the same paper, the tunnelling time is 130 ps for the vertically stacked In 0.9 Al 0.1 As with barrier thickness of 6 nm [2] .
QRs are also important for 980 nm optoelectronic devises and commonly used to increase the active volume in the optical devices, which are of interest for applications in telecommunications. When QD are employed in the active region of laser devises, the use of stacked layer is necessary to avoid saturation gain effect. It has been shown [7] that the optical mod loss does not increase as the numbers of layers increase. Whereas the modal gain obtained from the dot ground state increases. When QRs are employed in active region, stacking of the nanostructures is more even more important due to the low density of ring ensembles (2  10 9 -9  10 9 cm −3 ). The use of higher QR sheet densities could lead to overlap problems because of the large in-plane dimension of rings (100 nm  90 nm).
PL and TRPL for In(Ga)As/GaAs QRs in such stacked samples show the energy transfer processes between layers and allows the estimation of the non resonant carrier tunnelling time in vertically aligned triple QR's structures. The carrier transfer rate by tunnelling in a QR's is found to be enhanced than that in double QD's. The difference in the tunnelling rate between the QR's and the QD's is deduced.
In this paper, we present a detailed study of the carrier transfer between two QR families with different slight average size distribution, but separated by a thin GaAs spacer layer. The particular QR under investigation is a vertically aligned triple-layers In(Ga)As/GaAs QR structure. It is interesting to study such heterostructures be-cause of the difference in the spatial distribution of wave functions envelops and the difference in the vertical carrier confinement compared to the QDs.
Samples and Experiment

Preparation
The samples under study have been grown with three layers of QR, grown by molecular beam epitaxy (MBE). Each sample with different spacer between layers: 1.5, 2 and 4.5 nm. In each layer, the total amount of deposited InAs was just above the critical thickness (1.6 ML) necessary for the 3D transition to take place (checked with RHEED). The QRs were obtained after a growth interruption when the dots were partially covered with 2 nm of GaAs under un As2 flux, because of the balance between material intermixing [8] . More details about the growth of these samples can be found in reference [9] .
Characterization (PL Experiments)
The continuous wave PL experiments were performed by using the 514 nm Ar + line as excitation source. The PL signal was dispersed by monochromator and synchronously detected with a cooled Ge detector. In time resolved experiments, sample excitation at 750 nm was done by a green-ND:YVO 4 (Verdi, coherent) pumped mode locked Ti:Saphire laser (Mira 900D, coherent), providing 2 ps pulses at a repetition rate of 76 MHz. The PL signal was dispersed by a single 0.5 m focal length imaging spectrograph and detected by a synchroscan streak camera (Hamamatsu C5680) with a type S1 cooled photocathode. The overall time response of the system in the widest temporal window (about 2 ns) was around 40 ps (full width at half maximum). In both kinds of experiments, the samples were held in the cold finger of a closed-cycle cryostat to vary the temperature in the range 12 -300 K, approximately. Figure 1 shows the low excitation density PL spectra, which is mainly dominated by exciton recombination of the ground states of the QR ensembles. This ensures that we only observe emission from the optically active ground state of quantum rings. The emission peaks from the samples with GaAs barriers of 1.5, 2 and 4.5 nm were at energies of 1.328, 1.356 and 1.371 eV, respectively. However, their PL spectra is not a perfect Gaussian, but rather asymmetric. This can be to the total contribution in the PL signal from the QR ensembles of the three layers stacked. Indeed a line shape analysis shows that the PL signal of the sample can be reproduced by two Gaussian peaks, as shown in Figure 1 . We attribute the measured PL band to a bi-modal size distribution of the QR en semble (i.e., two different size families), being similar in each of the three stacked layers, in average. For the 1.5 nm spacer, the spectra are red shift with respect to the emission of sample with 4.5 nm spacer. This phenomenon can be attributed to the vertical electronic coupling between layers as it has been observed and calculated in InAs/GaAs quantum dot system [10] . Figure 2 shows the PL transients measured at 10 K for the detection energy corresponding to high-energy peak (P 1 ). In the measurement condition, all the measured PL curves exhibit mono exponential decay. This suggests that the PL arises from the ground state of the QR's. The high Gaussian components decay times obtained from monoexponential fitting are plotted in Figure 3 as a function of the spacer thickness. Figure 3 shows the spacer width dependence of the decay time, plotted as a function of the detection energy for the three samples.
Experimental Results
The decrease of the decay time in the high energy peak with decreasing the spacer thickness has been studied in details in reference [11] . When using an extremely narrow GaAs spacer, i.e. the case of sample with 1.5 nm spacer, the electronic coupling is so important. It is interesting to note that the average height of uncovered rings is around 1.5 nm, that is, very close to the used spacer thickness. In this case, the probability of non-resonant exciton tunnelling is greater than that in sample with spacer higher than 1.5 nm, because the S-exciton at P 1 -QR can tunnel towards (near) P-states at P 2 -QR in every of the three layers. Figure 4 shows the spacer width dependence of the decay time, plotted as a function of the detection energy for the three samples. The time decay is constant for the broad size distribution of nanostructures and decrease from low to high PL detection energy. The detection energy has notable effect on the dependence of the decay lifetime, which decreases for higher detection energies (above P 1 peak).
In previous work for GaAs based InAs QDs reported by sanguinetti et al., the carriers dynamic and the radiative efficiency of the QDs were negatively affected by reducing the GaAs spacer thickness [12] . That is, with a decrease in the spacer thickness, the defect caused by the relaxation of accumulated large strain was significantly considered. The activation energy deduced from non radiative time at high temperature with TRPL measurement in the three sample are very close and range between 37 and 40 meV. The effect of defect generation in time decay thus can be excluded for our samples. In reference 2, tunnelling between vertically stacked In 0.9 Al 0.1 As QD was discussed. For vertical tunnelling with well defined barrier high of 140 meV and barrier thickness of 6, 8 and 10 nm, a good agreement between the measured tunnelling times of 130, 370 and 850 ps and semi classical WKB description has been found.
In the present samples structures, with the barrier thickness of 1.5 nm, the non resonant time is estimated at T = 10 K to be 1580 ps. In sample with 4.5 nm spacer, the estimated t  is 6070 ps. The large value of t  in comparison with the ground state lifetime is in good agreement with the result in reference [3] . We evaluated the tunnelling time between the two QR families (P 1 to P 2 ) from the observed decay times using the following equation:
Here t  is the tunnelling time from the upper ring (P 1 )
to the lower ring (P 2 ). The tunnelling time of the QR's are actually one order of magnitude longer than those of QD found in the reference [2] . Now, we try to discuss of the underlying tunnel mechanisms. At low temperature, the calculated difference E(P 1 )-E(P 2 ) is respectively 23, 24 and 32 meV in samples 1.5, 2 and 4.5 nm spacer. We note that ΔE is significantly lower than in InGaAs/GaAs 2D QW's case where corresponds to the optical-phonon energy (36 meV) in GaAs [13] . This result is in agreement with the situation of strong electron-LO-phonon interaction. In this case, the activation energy is not equal to ħ LO but it is equal to the energy separation between excited and ground levels of polaron [14] . Non resonant tunnelling by emission of optical phonon can be considered in our samples. 
for the different structures parameters in GaAs ( Figure  5 ). After calculation [15, 16] , we expect V e -E e ~90 meV and V h -E h ~70 meV added to the high h we expected tunneling of electrons. We calculated the experimental values V e -E ground ~1/3  (E GaAs -E PL ). At low temperature, two important points should make: first, the exponential slope α(0.2) following a low 0 t t , is the same order of magnitude as the one observed for non resonant tunneling in GaAs QDs [2] . The coincidence of the slopes implies that both carriers transfer mechanisms are governed by the same processes. On the other hand, the coefficient of propor- An enhanced exciton LO phonon coupling and the continuum states with small density of states [17] have been found in QD's. Both effects enhance the measurement tunnelling time as compared from the tunnelling time found in QW's.
In our case, the reduced transfer rate in QR's At 10 K could be due to the difference in magnitude in the volume between QR and QD in the seed layer.
At high temperature (60 K), the exponential slope α(0.15) measured in this work is the close to the value found at low temperature and 0 t  (400 ps) is roughly half as small as the one observed at low temperature. This suggests that α does not depend on temperature.
At high temperature (60 K), the following mechanism can explain such behaviour: the volume of QR in the seed layer is smaller than a QD seed layer. Therefore, their optical confinement is also minor and this effect favours the transfer to the rings having a higher binding energy and then relaxes in the low energy rings in the seed layer (layer of P 1 peak). The difference in energy becomes smaller than at 10 K, resulting in mixing of the wave functions and the tunnelling effect must be significantly higher.
Differences in carrier transfer at low excitation density between QR and QD are likely due to the difference in energy and the spacing of QR states in InGaAs/GaAs heterostructures at higher temperature but this effect is ineffective for the carrier transfer at low temperature.
A quantitative analysis of such mechanisms requires a fully quantum-mechanical description taking into account The QR's size as well as the barrier width in such system.  implies that the efficiency of the scattering that assists the non resonant tunnelling effect differs between QD's and QR's.
Conclusions
In Summary, the tunnelling processes in In(Ga)As/GaAs QRs are investigated by PL time resolved. The dependence on the tunnelling times on the barrier thickness is in good agreement with the behaviour observed in QD's. We found that tunnelling time between QR's follows the Wentzel-Kramers-Brillouin (WKB) approximation.
The non resonant tunneling time between QR's is found to be different by one order of magnitude from the time in QD's. This different value is due to the difference in the volume of QR in the seed layer compared to the QD's. At high temperature, the tunneling effect is becoming significantly higher.
We have uncovered a more complete picture of carrier transfer in multimodal QR systems, which will provide measures for greater control PL behaviours.
